Introduction {#s1}
============

Infective endocarditis (IE) has long been recognized as a fatal disease. Despite the availability of antimicrobial agents and cardiac surgery, IE still causes high morbidity and mortality. About 75% of patients with IE have pre-existing cardiac diseases [@ppat.1000066-Durack1], including congenital cardiac malformations, acquired valvular dysfunction and prosthetic cardiac valves [@ppat.1000066-Wilson1]. Normal endocardium is resistant to colonization by bacteria [@ppat.1000066-Durack2] unless it exhibits pre-existing lesions. Lesions expose underlying extracellular matrix proteins and enable deposition of fibrin-platelet clots [@ppat.1000066-Hamill1], bacterial adhesion [@ppat.1000066-Sinha1] and recruitment of monocytes, which produce tissue factor and inflammatory cytokines [@ppat.1000066-Veltrop1]: this usually leads to the growth of vegetation. Cardiac valve lesions are associated with pathological fluid shear stress [@ppat.1000066-Kroll1]. In vitro, fluid shear stress modifies the structure and the function of the endothelium [@ppat.1000066-Gojova1] and increases apoptosis of neutrophils [@ppat.1000066-Shive1], platelets [@ppat.1000066-Leytin1] and monocytes (Mo) [@ppat.1000066-Shive2], suggesting that leukocyte apoptosis may be related to cardiac valvulopathy.

IE associated with negative blood culture constitutes 5% of all IE cases. It is often caused by obligate intracellular pathogens, such as *Coxiella burnetii* [@ppat.1000066-Houpikian1]. This bacterium that resides in Mo and macrophages [@ppat.1000066-Raoult1] is the agent of the so-called Q fever. In patients with acute Q fever and valve disease, chronic endocarditis will develop in 30% to 50% of cases [@ppat.1000066-Maurin1]. Q fever endocarditis is characterized by the lack of vegetations [@ppat.1000066-Lepidi1] and granuloma formation and impaired systemic cell-mediated immune response [@ppat.1000066-Raoult1], whereas acute Q fever is usually controlled by the cell-mediated immune system [@ppat.1000066-Raoult1], including the interferon (IFN)-γ pathway [@ppat.1000066-Izzo1],[@ppat.1000066-Ghigo1]. This suggests that mechanisms distinct from endothelial lesions are involved in the immune impairment associated with the development of Q fever endocarditis. It is tempting to speculate that leukocyte apoptosis induced by cardiac valvulopathy may impair the immune response to *C. burnetii* through the modulation of macrophage polarization induced by the binding of apoptotic cells. Indeed, the phagocytosis of apoptotic cells by phagocytes and neighboring cells results in a powerful anti-inflammatory and immunosuppressive response [@ppat.1000066-Savill1] via the secretion of anti-inflammatory molecules, such as interleukin (IL)-10 and transforming growth factor (TGF)-β1 [@ppat.1000066-Voll1]. Different activation states of macrophages induced by microbial products, cytokines, glucocorticoids or immune complexes have been described [@ppat.1000066-Mosser1]. By referring to the Th1/Th2 nomenclature, many now refer to M1 and M2 macrophages. M1 macrophages, stimulated by lipopolysaccharide (LPS) and/or IFN-γ, have a high capacity for antigen presentation, express CCR7, exhibit high levels of inducible nitric oxide synthase (iNOS) and secrete inflammatory cytokines, such as tumor necrosis factor (TNF), IL-1, IL-6 and IL-12, and chemokines, such as CXCL8, CCL2 and CCL5. M2 macrophages, induced by IL-4, IL-13 or IL-10, express the Fcγ-receptor type 2 (Fcγ-R2, CD23), the mannose receptor (MR) and CD14 and secrete anti-inflammatory cytokines, such as IL-10, TGF-β1 and IL-1 receptor antagonist (IL-1ra), and specific chemokines, such as CCL16, CCL18 and CCL24 [@ppat.1000066-Mantovani1]. The expression of arginase-1 by M2 macrophages shifts L-arginine metabolism toward the production of ornithine and polyamines by arginase-1, which, in turn, contributes to blocking the iNOS pathway [@ppat.1000066-Bronte1].

The aim of this study was to determine the mechanisms by which valvulopathy creates favorable conditions for the establishment of Q fever endocarditis. We showed that apoptosis of circulating leukocytes was increased in patients with valvulopathy, independently of Q fever. We also showed that the binding of apoptotic lymphocytes (AL) by Mo and Mo-derived macrophages (MDM) increased *C. burnetii* replication and polarized Mo and MDM toward a M2 profile. Interestingly, IFN-γ prevented *C. burnetii* replication and re-directed Mo and MDM toward a M1 program. Leukocyte apoptosis associated with valvulopathy may be critical in the pathogenesis of IE by creating a favorable environment for pathogen persistence through the deactivation of immune competent cells.

Results {#s2}
=======

Circulating apoptosis markers in patients with valvulopathy {#s2a}
-----------------------------------------------------------

Apoptosis was investigated by measuring circulating nucleosomes and caspase activity in leukocytes from control subjects, patients with valvulopathy and patients with Q fever ([Figure 1](#ppat-1000066-g001){ref-type="fig"}). In patients with valvulopathy, acute Q fever and valvulopathy or Q fever endocarditis, circulating nucleosomes ([Figure 1A](#ppat-1000066-g001){ref-type="fig"}) and the percentage of active caspases in leukocytes ([Figure 1B--F](#ppat-1000066-g001){ref-type="fig"}) significantly (p\<0.001) increased as compared to control subjects. Interestingly, circulating nucleosomes (p\<0.001) and the percentage of active caspases in leukocytes (p\<0.01) was significantly higher in patients with acute Q fever and valvulopathy than in patients with acute Q fever without valvulopathy. These results showed that patients with valvulopathy exhibited increased levels of apoptotic leukocytes.

![Circulating apoptosis markers in patients with valvulopathy.\
A, The circulating levels of nucleosomes was determined by immunoassays in control subjects, patients with acute Q fever, valvulopathy, acute Q fever with valvulopathy and Q fever endocarditis. Results are expressed as individual values with medians. B--E, Active caspases were detected through FLICA fluorescence (FL1 channel) and flow cytometry analysis of leukocytes from patients with acute Q fever (B), valvulopathy (C), acute Q fever with valvulopathy (D) and Q fever endocarditis (E) compared to control subjects (gray line). F, The results are expressed as percentage of active caspases for each individual. Bars represent the median of the values. G, Active caspases were quantified in CD3^+^ and CD14^+^ leukocytes from control subjects and patients. The results represent the mean±SEM. \* p\<0.01 and \*\* p\<0.001.](ppat.1000066.g001){#ppat-1000066-g001}

To determine which type of leukocytes was apoptotic, cells with active caspases were quantified in CD3- and CD14-gated populations ([Figure 1G](#ppat-1000066-g001){ref-type="fig"}). In patients with valvulopathy, with or without acute Q fever, the percentages of CD3^+^ and CD14^+^ cells that expressed active caspases were significantly higher (p\<0.01) as compared to control subjects and patients with acute Q fever without valvulopathy. They were similar to those found in patients with Q fever endocarditis ([Figure 1G](#ppat-1000066-g001){ref-type="fig"}). Taken together, these results show that increased leukocyte apoptosis was associated with valvulopathy.

Binding of apoptotic lymphocytes to monocytes and macrophages {#s2b}
-------------------------------------------------------------

Impaired immune responses associated with Q fever endocarditis may result from the binding of apoptotic cells to professional phagocytes. Consequently, we created an experimental model to test *in vitro* this hypothesis. Apoptosis of lymphocytes was induced by 10^−6^ M dexamethasone, which stimulated apoptosis via a caspase-dependent pathway ([Figure S1](#ppat.1000066.s002){ref-type="supplementary-material"}). As a control, necrosis of lymphocytes was induced by a 95°C shock ([Figure S1](#ppat.1000066.s002){ref-type="supplementary-material"}).

As apoptotic cells stimulates cytoskeleton reorganization in phagocytic cells [@ppat.1000066-Hoffmann1], we analyzed the morphological changes induced by AL and necrotic lymphocytes (NL) in Mo ([Figure 2A](#ppat-1000066-g002){ref-type="fig"}) and MDM ([Figure 2B](#ppat-1000066-g002){ref-type="fig"}). Resting Mo and MDM were rounded and did not present ruffles or filopodia. The F-actin distribution was roughly homogeneous in quiescent Mo and MDM. AL induced intense morphological changes consisting of membrane ruffles in Mo and MDM. In contrast to AL, NL induced the formation of numerous filopodial extensions in Mo and MDM. F-actin was redistributed around membrane ruffles and filopodial extensions induced by AL and NL, respectively. The percentage of Mo and MDM with membrane ruffles or filopodia was quantified: AL induced membrane ruffles in about 70% of Mo ([Figure 2C](#ppat-1000066-g002){ref-type="fig"}) and MDM ([Figure 2D](#ppat-1000066-g002){ref-type="fig"}) whereas NL induced filopodia in about 75% of Mo ([Figure 2C](#ppat-1000066-g002){ref-type="fig"}) and MDM ([Figure 2D](#ppat-1000066-g002){ref-type="fig"}). These results showed that AL and NL induced distinct cytoskeleton reorganization in Mo and MDM.

![Binding of AL and NL to Mo and MDM.\
A and B, Mo (A) and MDM (B) were incubated with AL and NL for 30 min. Mo and MDM were fixed, gold-coated and analyzed by SEM or labeled with BODIPY phallacidin and observed in fluorescence microscopy. Representative micrographs are shown. C and D, the percentage of Mo (C) and MDM (D) that exhibited membrane ruffles or spikes was determined by fluorescence microscopy. E and F, Fluorescent AL and NL were incubated with Mo and MDM (ratio of 5∶1) for different times. Mo and MDM were labeled with BODIPY phallacidin, and the binding of AL and NL was quantified by fluorescence microscopy. The results are expressed as the percentage of Mo (E) and MDM (F) that have bound at least one AL or NL. More than 100 cells were examined by experimental condition. The results represent the mean±SEM of 5 experiments.](ppat.1000066.g002){#ppat-1000066-g002}

Finally, we determined the time course of AL and NL binding. The binding of AL and NL to Mo and MDM was maximal after 2 h. Indeed, about 80% of Mo ([Figure 2E](#ppat-1000066-g002){ref-type="fig"}) and MDM ([Figure 2F](#ppat-1000066-g002){ref-type="fig"}) had bound at least one AL or NL after 2 h. Thus, a 2-h incubation time of AL and NL with Mo and MDM was used in further experiments.

Effect of apoptotic lymphocyte binding on the intracellular fate of *C. burnetii* {#s2c}
---------------------------------------------------------------------------------

Mo and MDM were incubated with AL or NL for 2 h and infected with *C. burnetii*. The binding of AL and NL to Mo ([Figure 3A](#ppat-1000066-g003){ref-type="fig"}, inset) and MDM ([Figure 3B](#ppat-1000066-g003){ref-type="fig"}, inset) had no effect on *C. burnetii* phagocytosis. *C. burnetii* survived without replication in control Mo ([Figure 3A](#ppat-1000066-g003){ref-type="fig"}) and moderately replicated in control MDM ([Figure 3B](#ppat-1000066-g003){ref-type="fig"}), as determined by real-time quantitative PCR (qPCR). Mo that had bound AL allowed *C. burnetii* replication after 9 days of culture (29,000±3,000 vs. 12,600±2,000 bacterial DNA copies in control Mo, p\<0.001; [Figure 3A](#ppat-1000066-g003){ref-type="fig"}). In MDM that had bound AL, *C. burnetii* replication was detectable after 3 days and was significantly (p\<0.05) higher at day 9 (45,000±2,000 vs. 24,280±2,200 bacterial DNA copies in control MDM, [Figure 3B](#ppat-1000066-g003){ref-type="fig"}). The effect of AL was independent of the apoptosis-inducer agent since the replication of *C. burnetii* was increased in Mo and MDM that have bound apoptotic cells induced by either corticoids or staurosporine (data not shown). In contrast to AL binding, the binding of NL to Mo ([Figure 3A](#ppat-1000066-g003){ref-type="fig"}) and MDM ([Figure 3B](#ppat-1000066-g003){ref-type="fig"}) induced *C. burnetii* killing. After 9 days of culture, the bacterial load was significantly (p\<0.05) decreased by 66% in Mo ([Figure 3A](#ppat-1000066-g003){ref-type="fig"}) and by 50% in MDM ([Figure 3B](#ppat-1000066-g003){ref-type="fig"}), as compared with control cells. Bacterial infection was also determined by immunofluorescence. The percentage of Mo ([Figure 3C](#ppat-1000066-g003){ref-type="fig"}) and MDM ([Figure 3D](#ppat-1000066-g003){ref-type="fig"}) that contained more than 5 bacteria increased after the binding of AL. It reached about 25% after 9 days of culture, while this percentage did not exceed 15% in control Mo and MDM (p\<0.001). In contrast, the number of Mo and MDM containing more than 5 bacteria was significantly (p\<0.001) lower after NL binding ([Figure 3C and D](#ppat-1000066-g003){ref-type="fig"}). Taken together, these results showed that AL binding stimulated *C. burnetii* replication in Mo and MDM, while the NL binding led to *C. burnetii* killing. Finally, the effect of AL and NL on *C. burnetii* replication was cell-contact dependent since the culture of Mo ([Figure 3E](#ppat-1000066-g003){ref-type="fig"}) and MDM ([Figure 3F](#ppat-1000066-g003){ref-type="fig"}) with AL and NL in separate chambers had no effect on *C. burnetii* replication.

![Effect of AL binding on the intracellular survival of *C. burnetii*.\
A--D, Mo (A, C) and MDM (B, D) were incubated with AL or NL for 2 h, infected with *C. burnetii* for 4 h (insets) and cultured for 9 days. The number of bacterial DNA copies was determined by qPCR in Mo (A) and MDM (B). The percentages of Mo (C) and MDM (D) that bound more than 5 bacteria were determined by indirect immunofluorescence. The results represent the mean±SEM of 5 experiments. E and F, Mo (E) and MDM (F) were incubated with AL and NL in separate chambers for 2 h, then infected with *C. burnetii* for 4 h, and cultured for 9 days. The number of bacterial DNA copies was determined by qPCR at day 9. The results represent the mean±SEM of 3 experiments. \* p\<0.05, \*\* p\<0.01 and \*\*\* p\<0.001.](ppat.1000066.g003){#ppat-1000066-g003}

In macrophages, *C. burnetii* survives in a late phagosome that fails to fuse with lysosomes [@ppat.1000066-Ghigo1]. The effect of AL binding on the intracellular traffic of *C. burnetii* in MDM was studied by determining the colocalization of *C. burnetii* with Lamp-1 (Lysosomal associated membrane protein-1), a marker of the late endosomes-early lysosomes, and the lysosomal protease cathepsin D. In control MDM, *C. burnetii* resided in a late phagosome unable to fuse with lysosomes ([Figure 4A](#ppat-1000066-g004){ref-type="fig"}). Indeed, 78±6% of *C. burnetii* phagosomes were Lamp-1^+^ and cathepsin D^−^ while only 22±8% of phagosomes expressed both Lamp-1 and cathepsin D ([Figure 4D](#ppat-1000066-g004){ref-type="fig"}). The binding of AL ([Figure 4B](#ppat-1000066-g004){ref-type="fig"}) and NL ([Figure 4C](#ppat-1000066-g004){ref-type="fig"}) to MDM increased the maturation of the *C. burnetii* phagosome toward a mature phagolysosome: about 60% of *C. burnetii* phagosomes were Lamp-1^+^ and cathepsin D^+^ after binding of AL or NL ([Figure 4D](#ppat-1000066-g004){ref-type="fig"}). Thus, AL and NL binding to MDM stimulated the maturation of *C. burnetii* phagosomes in the early phase of infection.

![Effect of AL binding on the maturation of *C. burnetii*-phagosomes.\
MDM (A), AL-MDM (B) or NL-MDM (C) were stimulated with *C. burnetii* for 4 h, washed and then cultured for 24 h. Cells were labeled with anti-*C. burnetii* (Alexa 546), anti-Lamp-1 (Alexa 488) and anti-cathepsin D (Alexa 647) Abs and analyzed under a confocal microscope. A--C, Representative micrographs are shown with expanded images (white rectangle). D, Percentage of *C. burnetii* phagosomes that colocalized with Lamp-1 and cathepsin D. The results represent the mean±SEM of 4 independent experiments. \* p\<0.01.](ppat.1000066.g004){#ppat-1000066-g004}

Effect of AL binding on the polarization of *C. burnetii*-infected Mo and MDM {#s2d}
-----------------------------------------------------------------------------

We hypothesized that AL binding may orient Mo and MDM toward a M2 program that favors *C. burnetii* replication. Transcriptional patterns of AL-Mo and AL-MDM were compared by clustering algorithm analysis ([Figure 5A](#ppat-1000066-g005){ref-type="fig"}). Mo and MDM stimulated with *C. burnetii* exhibited distinct transcriptional programs that combine M1 and M2 features. The expression of CCL18, CCL24 and Fcε-R2, associated with the M2 profile, and CD1B, CD1C and CD1D were up-regulated in both cell types. In Mo, *C. burnetii* up-regulated the expression of CCL20, which is associated with M2 polarization; CCR7 and TNF, which are associated with M1 polarization; and CD1A and Fcα-R. It only down-regulated the expression of IL-20. In *C. burnetii*-infected MDM, the expression of CCL16 and IL-1ra, which are associated with M2 polarization, and that of CXCL8, CXCL11 and IL-6, which are associated with M1 polarization, were up-regulated. The expression of the two M1 cytokines IFN-γ and TNF were down-regulated. AL binding directed *C. burnetii*-infected Mo and MDM toward a M2 program. In Mo, AL binding up-regulated the expression of CCL16, CD14, IL-10, IL-1ra, which are associated with M2 polarization, IL-6, IL-13 and the three members of the IL-10 family, IL-19, IL-20 and IL-24. AL binding also down-regulated numerous genes involved in M1 polarization, such as CCR7, IL-12p40, IL-1β, TNF and iNOS. In MDM, AL binding up-regulated the expression of IL-10, IL-1ra and TGF-β1, which are associated with M2 polarization; and CXCL10 and IL-6, which are associated with M1 polarization. The expression of the M1 markers CXCL8, CCR7, IL-12p40, IL-1β and TNF were down-regulated. In contrast to AL binding, NL binding stimulated a typical M1 profile in *C. burnetii*-infected Mo and MDM. Indeed, NL binding up-regulated the expression of the M1 molecules CCL5, CXCL8, CXCL11, CCR7, CD80, IFN-γ, TNF, IL-12p40, IL-1β and iNOS in both Mo and MDM ([Figure 5A](#ppat-1000066-g005){ref-type="fig"}).

![Polarization of *C. burnetii*-stimulated Mo and MDM after AL uptake.\
A, Transcriptional responses of *C. burnetii*-stimulated Mo and MDM that had bound AL or NL were analyzed by DNA microarrays. Modulated genes (fold-change ≥2) were compared by hierarchical clustering analysis. APC, antigen presenting cells and TF, transcription factors. B and C, Cytokine release by *C. burnetii*-stimulated Mo (B) and MDM (C) after AL or NL uptake. The results are expressed in pg/ml and represent the mean±SEM of 5 experiments. D and E, Membrane expression of CD14 and MR on *C. burnetii*-stimulated Mo (D) and MDM (E) after AL or NL binding. The results are expressed as the percentages of positive cells and represent the mean±SEM of 5 experiments. F and G, Mo and MDM were incubated with AL for 2 h and then infected with *C. burnetii* for 4 h. Cells were then cultured for 9 days in the presence of 10 µg/ml of monoclonal anti-IL-10 or anti-TGF-β1 Abs. The number of bacterial DNA copies was determined by qPCR. The results represent the mean±SEM of 3 experiments. \* p\<0.05, \*\* p\<0.01 and \*\*\* p\<0.001.](ppat.1000066.g005){#ppat-1000066-g005}

Functional tests confirmed the transcriptional studies. After AL binding, Mo exhibited a M2 program characterized by high levels of IL-10 and IL-6, decreased TNF release ([Figure 5B](#ppat-1000066-g005){ref-type="fig"}) and increased expression of CD14 (p\<0.05, [Figure 5D](#ppat-1000066-g005){ref-type="fig"}). As found for transcriptional responses, the response of MDM was characterized by M2 features that were partly different from those of Mo. Indeed, AL-MDM released high levels of TGF-β1 ([Figure 5C](#ppat-1000066-g005){ref-type="fig"}) and the percentage of MDM that expressed MR was significantly (p\<0.001) increased ([Figure 5E](#ppat-1000066-g005){ref-type="fig"}). The effect of AL binding was specific since NL binding induced a M1 program in both Mo and MDM stimulated with *C. burnetii*. Indeed, the release of TNF by Mo and MDM was increased whereas those of IL-6, TGF-β1 and IL-10 were inhibited ([Figure 5B and C](#ppat-1000066-g005){ref-type="fig"}). In addition, the expression of CD14 in Mo (p\<0.001, [Figure 5D](#ppat-1000066-g005){ref-type="fig"}) and that of MR in MDM (p\<0.01, [Figure 5E](#ppat-1000066-g005){ref-type="fig"}) were significantly decreased. Finally, we showed that IL-10 was critically involved in the replication of *C. burnetii* since adding blocking anti-IL-10 antibodies (Abs) to AL-Mo ([Figure 5F](#ppat-1000066-g005){ref-type="fig"}) and AL-MDM ([Figure 5G](#ppat-1000066-g005){ref-type="fig"}) prevented bacterial replication. Anti-TGF-β1 blocking Abs prevented the replication of *C. burnetii* only in AL-MDM and had no effect in AL-Mo ([Figure 5F and G](#ppat-1000066-g005){ref-type="fig"}). Taken together, these results showed that AL binding stimulated a clear-cut M2 profile in Mo and MDM, in which IL-10 appears critical in both Mo and MDM and TGF-β1 in MDM.

Effect of IFN-γ on *C. burnetii* replication and macrophage polarization {#s2e}
------------------------------------------------------------------------

As IFN-γ stimulates *C. burnetii* killing in Mo and MDM [@ppat.1000066-Dellacasagrande1], we wondered if it may correct the permissive effect of AL binding on *C. burnetii* replication. IFN-γ inhibited *C. burnetii* replication in AL-Mo ([Figure 6A](#ppat-1000066-g006){ref-type="fig"}) and AL-MDM ([Figure 6B](#ppat-1000066-g006){ref-type="fig"}). After 9 days of culture, the bacterial DNA copy number decreased from 31,100±1,330 in AL-Mo to 8,300±450 in IFN-γ-treated AL-Mo (p\<0.001). In AL-MDM, the bacterial DNA copy number decreased from 47,340±2000 to 18,400±3,800 in IFN-γ-treated cells (p\<0.05). The number of bacterial DNA copies was similar to that found in Mo and MDM treated with IFN-γ. The percentage of cells that contained more than 5 bacteria was also significantly (p\<0.05) lower in IFN-γ-treated AL-Mo and AL-MDM ([Figure S2](#ppat.1000066.s003){ref-type="supplementary-material"}), demonstrating that IFN-γ completely reverted the effect of AL binding on *C. burnetii* replication. In addition, IFN-γ increased the maturation of *C. burnetii* phagosomes toward phagolysosomes independently of AL binding: more than 90% of *C. burnetii* phagosomes were Lamp-1 and cathepsin D positive after IFN-γ treatment ([Figure 6C--E](#ppat-1000066-g006){ref-type="fig"}). Finally, IFN-γ reverted the response of AL-Mo and AL-MDM toward a M1 profile. First, it caused up-regulation of CXCL8, TNF and iNOS genes and down-regulation of IL-6 and IL-10 genes in AL-Mo. It also down-regulated the expression of TGF-β1 in AL-MDM ([Figure 6F](#ppat-1000066-g006){ref-type="fig"}). Second, the IFN-γ treatment of AL-Mo and AL-MDM induced the release of high levels of TNF and inhibited the release of IL-6, IL-10 and TGF-β1 ([Figure 6G](#ppat-1000066-g006){ref-type="fig"}). These results showed that IFN-γ prevented the effect of AL binding on *C. burnetii* replication and polarized AL-Mo and AL-MDM toward a M1 profile.

![Effect of IFN-γ on AL-Mo and AL-MDM responses.\
Mo and MDM that had or not ingested AL were infected with *C. burnetii* for 4 h in the presence of 1000 U/ml of IFN-γ. A and B, After washing, Mo and AL-Mo (A) or MDM and AL-MDM (B) were cultured for 9 days in the presence of IFN-γ. *C. burnetii* replication was determined by qPCR. The results represent the mean±SEM of 3 experiments. C--E, After washing, MDM and AL-MDM were cultured for 24 h in the presence of IFN-γ. Cells were labeled with anti-*C. burnetii* (Alexa 546), anti-Lamp-1 (Alexa 488) and anti-cathepsin D (Alexa 647) Abs and analyzed under a confocal microscope. Representative micrographs of IFN-γ-treated MDM (C) and AL-MDM (D) are shown with expanded images (white rectangle). In E, the results are expressed as the percentages of *C. burnetii* phagosomes that colocalised with Lamp-1 and/or cathepsin D. F, The transcriptional response of AL-Mo and AL-MDM stimulated with *C. burnetii* for 4 h in the presence or the absence of IFN-γ was analyzed by qRT-PCR. The results are expressed as the Log2 fold change and analyzed by hierarchical clustering. G, AL-Mo and AL-MDM were stimulated with heat-killed *C. burnetii* for 24 h in the presence or the absence of IFN-γ. The cytokine release was determined by immunoassays and expressed in pg/ml. The results represent the mean±SEM of 3 experiments. \* p\<0.05, \*\* p\<0.01 and \*\*\* p\<0.001.](ppat.1000066.g006){#ppat-1000066-g006}

Discussion {#s3}
==========

Patients with cardiac valve lesions have the highest risk to develop IE [@ppat.1000066-Wilson1], although the role of valvulopathy in the establishment of IE is not clearly elucidated. We showed here, for the first time, that patients with valvulopathy exhibited increased levels of circulating apoptotic leukocytes, suggesting a link between valvulopathy and leukocyte apoptosis. We have previously demonstrated that Q fever endocarditis is associated with immune impairment [@ppat.1000066-Honstettre1],[@ppat.1000066-Ghigo2]. The immune impairment may be due to lymphopenia induced by lymphocyte cell death but lymphopenia was not reported in Q fever endocarditis [@ppat.1000066-Maurin1]. We hypothesized that the binding of apoptotic leukocytes to Mo and macrophages may be responsible for the immune impairment observed in Q fever endocarditis. To test this hypothesis, we have established an *in vitro* model to study the effect of apoptotic cells on *C. burnetii* replication.

Binding of AL to Mo and macrophages induced the formation of large membrane ruffles with local F-actin redistribution. This result is in accordance with previous reports that showed that adhesion of apoptotic cells to specific membrane receptors leads to the formation of large membrane ruffles and cytoskeleton reorganization [@ppat.1000066-ToselloTrampont1],[@ppat.1000066-Kinchen1]. We showed for the first time that NL binding induced cytoskeletal reorganization characterized by the formation of filopodia with F-actin concentration at their basis. The differences in cytoskeletal changes induced by AL and NL in Mo and MDM were not due to differences in binding levels: about 80% of Mo and MDM ingested AL and NL after 2 hours. They may result from the engagement by AL and NL of specific receptors that further modulate cytoskeleton reorganization in different ways [@ppat.1000066-Savill1],[@ppat.1000066-Bottcher1].

The binding of AL increased *C. burnetii* replication in Mo and MDM as do IL-10, the only cytokine able to stimulate *C. burnetii* replication [@ppat.1000066-Ghigo3]. Our results emphasized recent studies on the impact of the binding of apoptotic cells to phagocytes on survival of intracellular pathogens. The binding of apoptotic cells to murine macrophages increases the replication of the avirulent form of *C. burnetii* [@ppat.1000066-Zamboni1] and the growth of *Trypanosoma cruzi* [@ppat.1000066-FreiredeLima1] and *Leishmania major* [@ppat.1000066-VanZandbergen1]. In addition, the replication of *C. burnetii* induced by AL is dependent on AL contact with Mo and MDM. It has been previously demonstrated that the contact between monocytes and apoptotic cells is required for inducing the immunosuppressive response of monocytes [@ppat.1000066-Byrne1]. Finally, the receptors engaged by AL binding are likely critical for *C. burnetii* replication. Indeed, when AL were opsonized ([Protocol S1](#ppat.1000066.s005){ref-type="supplementary-material"}) with specific Abs to engage the Fc-receptor (FcR) pathway, the replication of *C. burnetii* was prevented ([Figure S3](#ppat.1000066.s004){ref-type="supplementary-material"}). These results are supported by the fact that apoptotic cells opsonized with antibodies, particularly IgG, are recognized by macrophage FcR and stimulate a pro-inflammatory response [@ppat.1000066-Hart1]. This also suggests that the entry pathway orients the intracellular fate of *C. burnetii*.

Interestingly, the binding of AL or NL to macrophages increased the maturation of *C. burnetii* phagosomes. It has been recently shown that the uptake of apoptotic cells by macrophages or fibroblasts results in a rapid maturation of phagosomes by stimulating Rho GTPases [@ppat.1000066-Erwig1]. It is tempting to speculate that the maturation of *C. burnetii* phagosomes observed after NL binding results also in the activation of Rho GTPases in Mo and MDM. However, the increased maturation of *C. burnetii* phagosomes, which occurs early during the *C. burnetii* infection, did not seem to govern the intracellular fate of bacteria in the later stages of infection.

AL binding by *C. burnetii*-infected Mo and MDM reprogramed them toward a M2 profile, but the properties of the M2 programs were different in Mo and MDM. In AL-Mo, the expression of genes encoding four members of the IL-10 family, namely IL-10, IL-19, IL-20 and IL-24, were up-regulated. The four genes are expressed within a highly conserved cluster [@ppat.1000066-Jones1]. IL-10 is highly secreted by macrophages following ingestion of apoptotic cells [@ppat.1000066-Chung1]. IL-10 is also critically implicated in the persistence of microorganisms and the chronic evolution of Q fever [@ppat.1000066-Mege1]. IL-19 and IL-20 down-regulate IFN-γ expression and up-regulate that of IL-4 and IL-13 in T cells, supporting a Th2 polarization [@ppat.1000066-Oral1]. In Mo, AL binding up-regulated also the expression of IL-1ra, which is increased in patients with Q fever [@ppat.1000066-Capo1]. In MDM, AL binding up-regulated the expression of TGF-β1, which is known to interfere with the activities of IFN-γ, iNOS and superoxide anion [@ppat.1000066-Strober1]--[@ppat.1000066-Tsunawaki1], alter the expression of co-stimulatory molecules [@ppat.1000066-Gorham1], inhibit Th1/Th2 differentiation [@ppat.1000066-Schmitt1] and favor the expansion of regulatory T cells [@ppat.1000066-SchmidtWeber1]. Interestingly, patients with acute Q fever and valvulopathy or Q fever endocarditis exhibit higher numbers of regulatory T cells as compared to patients with acute Q fever and healthy persons (our unpublished data). We also found that IL-6 was up-regulated in both AL-Mo and AL-MDM. IL-6 is largely considered as an enhancer of the inflammatory response. However, IL-6 can also act as a modulator of inflammatory responses since it shifts the T cell response toward a Th2 response by inducing B cell maturation [@ppat.1000066-VanHeyningen1]. Recently, it has been reported that IL-6 and TGF-β1 act together in inducing IL-10 production in T cells [@ppat.1000066-Jankovic1]. We can suppose that, in Q fever, IL-6 may contribute to the defective control of *C. burnetii* infection by macrophages. Finally, the replication of *C. burnetii* stimulated by AL binding was strongly associated with the production of M2 cytokines since IL-10 and TGF-β1 neutralization abolished bacterial replication. These results suggest a direct role of IL-10 and TGF-β1 in the signaling pathway leading to *C. burnetii* replication.

In contrast to AL binding, NL binding induced *C. burnetii* killing and a M1 transcriptional program in Mo and MDM. These results confirmed previous studies on the bactericidal response of Mo and MDM against *C. burnetii* induced by inflammatory cytokines, such as IFN-γ [@ppat.1000066-Dellacasagrande1]. In addition, the expression of genes associated with a M2 program was down-regulated: peculiarly, the gene encoding IL-10 was inhibited in NL-Mo while the gene encoding TGF-β1 was inhibited in NL-MDM. Our results are consistent with other reports. The binding of necrotic cells induces the release of inflammatory cytokines by MDM [@ppat.1000066-Barker1]. It also induces the expression of major histocompatibility complex class II molecules by antigen-presenting cells and increases their ability to activate T cells [@ppat.1000066-Ip1].

Finally, IFN-γ inhibited the effect of AL binding on the *C. burnetii* replication in Mo and MDM. It induced *C. burnetii* killing and complete maturation of *C. burnetii* phagosomes. In contrast to LPS that is unable to inhibit the anti-inflammatory response of peripheral blood mononuclear cells (PBMCs) and Mo after binding of apoptotic cells [@ppat.1000066-Voll1],[@ppat.1000066-Byrne1], IFN-γ reverted the M2 program induced by AL. It is likely that *C. burnetii* infection amplifies the inflammatory signal induced by IFN-γ to engage Mo and MDM toward a M1 profile. We can also suppose that the engagement of a broad number of receptors by *C. burnetii*, such as TLR4 [@ppat.1000066-Honstettre2], TLR2 [@ppat.1000066-Meghari1] and the αvβ3 integrin [@ppat.1000066-Capo2], in the presence of IFN-γ counter-balances the anti-inflammatory signals delivered by AL to phagocytic cells.

In conclusion, we showed that valvulopathy increased the rate of circulating apoptotic leukocytes and we provided a model in which apoptotic cells play a key role in the establishment of Q fever endocarditis ([Figure 7](#ppat-1000066-g007){ref-type="fig"}). The binding of apoptotic cells increased *C. burnetii* replication by subverting phagocyte responses; Mo and MDM, polarized toward M2 profiles, stimulate type 2 responses that are non-protective against most pathogens. If the systemic apoptosis of leukocytes occurs in an inflammatory context, such as that found in the presence of IFN-γ, the effect of AL binding is inhibited; Mo and MDM, polarized toward a M1 program, are able to kill *C. burnetii* as do patients with acute Q fever without valvulopathy. Our results give new comprehensive insights into the pathological processes resulting from valvulopathy that are associated with the high risk to develop rare and atypical IE.

![Leukocyte apoptosis and Q fever evolution.\
Valvulopathy is associated with increased apoptosis of circulating leukocytes. In the model of Q fever endocarditis, the uptake of apoptotic cells by Mo and MDM increases bacterial replication through the polarization of Mo and MDM toward M2 profiles that are non-protective against most pathogens. In patients without valvulopathy or in immunocompetent patients that produce IFN-γ, Mo and MDM are polarized toward a M1 program and are able to kill *C. burnetii*.](ppat.1000066.g007){#ppat-1000066-g007}

Materials and Methods {#s4}
=====================

Patients {#s4a}
--------

Informed and written consent was obtained from each subject and the study was approved by the Ethics Committee of the Université de la Méditerranée. Nine patients with valvulopathy (5 men and 4 women, mean age of 69.5 years), 10 with acute Q fever (3 men and 7 women, mean age of 46.3 years), 11 with acute Q fever and valvulopathy (6 men and 5 women, mean age of 51.3 years) and 11 with Q fever endocarditis (7 men and 4 women, mean age of 47.6) were included. Ten healthy persons (6 men and 4 women, mean age of 35.0 years) were included as controls. The diagnosis of acute and chronic Q fever was based on epidemiological and clinical features, as previously described [@ppat.1000066-Fournier1].

Circulating apoptosis markers {#s4b}
-----------------------------

Plasma levels of nucleosomes were measured using the ELISA cell death detection plus kit from Roche Diagnostics. This assay is based on a quantitative sandwich enzyme immunoassay that recognizes DNA and histones [@ppat.1000066-Holdenrieder1]. The specific enrichment factor in nucleosomes, expressed in arbitrary units, was calculated as previously described [@ppat.1000066-Benoit1].

Caspase activity of leukocytes was measured with the Apoptosis Detection Polycaspase Assay Kit (Immunochemistry Technologies), as previously described [@ppat.1000066-Benoit1]. Briefly, 100 µl of EDTA-collected blood were incubated with 5 µl of 30× FLICA solution for 1 h and then with 20 µl of CD3-PE or CD14-APC for 15 min. After washing, leukocytes were fixed and analyzed by flow cytometry (EPICS XL, Coulter Beckman). The percentage of CD3^+^ or CD14^+^ leukocytes with active caspases was determined using the Expo32 ADC and the WinMDI 2.8 software.

Bacteria {#s4c}
--------

*C. burnetii* organisms (Nine Mile strain) were cultured as previously described [@ppat.1000066-Capo2]. Dilacerated spleens of BALB/c mice infected with 10^8^ *C. burnetii* organisms for 7 days were added to L929 cells. Infected cells were sonicated and centrifuged at 300×*g* for 10 min. Supernatants were collected and centrifuged at 10,000×*g* for 10 min. Bacteria were then washed and stored at −80°C. The concentration of organisms was determined by Gimenez staining and the bacterial viability was assessed using the LIVE/DEAD BacLight bacterial viability kit (Molecular Probes).

Cell isolation and culture {#s4d}
--------------------------

PBMCs were isolated from leukopacks (Etablissement Français du Sang, Marseille, France) by Ficoll gradient (MSL, Eurobio) and suspended in RPMI 1640 containing 20 mM HEPES, 10% fetal calf serum (FCS), 2 mM L-glutamine, 100 U/ml penicillin and 100 µg/ml streptomycin (Invitrogen). PBMCs were incubated in flat-bottom 24-well plates (Nunc) for 60 min at 37°C. After washing, adherent cells were designated as Mo (90% of cells expressed CD14) and MDM were obtained by a 7-day culture, as recently described [@ppat.1000066-Desnues1]. Non-adherent cells were designated as lymphocytes (90% of them expressed CD3). Lymphocyte apoptosis, induced by incubation with dexamethasone (Merck) for 24 h [@ppat.1000066-Totino1], and necrosis, induced by heat shock, were determined by flow cytometry using the annexin V/Propidium Iodide (PI) kit (Roche) ([Figure S1](#ppat.1000066.s002){ref-type="supplementary-material"}). Mo and MDM were incubated with AL or NL (ratio of 1∶5) for different periods, washed to remove unbound AL or NL, and infected with *C. burnetii*. In some experiments, Mo and MDM were separated from AL or NL using culture inserts (0.4-µm pore size; Transwell, Costar) in 24-well plates before *C. burnetii* infection.

*C. burnetii* infection of Mo and MDM {#s4e}
-------------------------------------

Mo and MDM were incubated with *C. burnetii* (bacterium-to-cell ratio of 200∶1) for 4 h. After washing to remove free bacteria (time designated as day 0), infected cells were cultured for 12 days. In some experiments, recombinant human IFN-γ (1000 U/ml, Peprotech Inc.), monoclonal anti-IL-10 (10 µg/ml, R&D Systems) or anti-TGF-β1 (10 µg/ml, R&D Systems) Abs were added every 3 days. Infection was quantified by immunofluorescence [@ppat.1000066-Honstettre2] and qPCR. DNA was extracted with the QIAamp Blood Mini Kit (Qiagen) and stored in a volume of 100 µl at −20°C. qPCR was performed using 5 µl of DNA extract and the LightCycler FastStart DNA SYBR green system (Roche), as previously described [@ppat.1000066-Meghari2]. Primers ([Table S1](#ppat.1000066.s001){ref-type="supplementary-material"}) amplified a 75-bp fragment of the *C. burnetii com1* gene (GenBank accession no. AF318146).

*C. burnetii* intracellular trafficking {#s4f}
---------------------------------------

MDM were infected with *C. burnetii* for 4 h (bacterium-to-cell ratio of 200∶1), washed and cultured for 24 h. Cells were fixed in 3% paraformaldehyde, permeabilized with 0.1% Triton X-100 and immunofluorescence labeling was performed according to standard procedures [@ppat.1000066-Chu1]. Briefly, MDM were incubated with human anti-*C. burnetii* (1∶4,000 dilution), mouse anti-Lamp-1 (1∶1,000 dilution, DHSB, Developmental Studies Hybridoma Bank) and rabbit anti-cathepsin D (1∶1,000 dilution, a gift from S. Kornfeld, Washington University School of Medicine, St. Louis, Missouri) Abs for 30 min. Bacteria were revealed by Alexa 546-conjugated F(ab\')~2~ anti-human IgG Abs, Lamp-1 by Alexa 488-conjugated anti-mouse IgG Abs and cathepsin D by Alexa 647-conjugated anti-rabbit IgG Abs. All secondary Abs were used at a 1∶500 dilution. The colocalization of bacteria and intracellular markers was examined by laser scanning microscopy using a confocal microscope (Leica TCS SP2) with a 63×/1.32-0.6 oil CS lens and an electronic Zoom 3×. Optical sections of fluorescent images were collected at 0.25-µm intervals using the Leica Confocal software and processed using the Adobe Photoshop V5.5 software. At least 65 MDM were examined for each experimental condition and the results are expressed as the percentage of bacteria that colocalized with fluorescent markers.

Transcriptional profile of Mo and MDM {#s4g}
-------------------------------------

Mo and MDM were stimulated with *C. burnetii* for 4 h. Total RNA was purified using the RNeasy Mini Kit (Qiagen), according to the manufacturer\'s protocol. DNase treatment was performed with the RNase-free DNase set (Qiagen). The transcriptional pattern of cells was studied using a cDNA chip containing 440 arrayed sequences (Oligo GEArray Human Hematology/Immunology, SuperArray). Ten µg of RNA were transcribed into biotin-labeled cDNA by the MMLV reverse transcriptase (RT). Membranes were then hybridized with biotin-labeled cDNA and incubated with streptavidin-conjugated alkaline phosphatase. Chemiluminescence was visualised by autoradiography. Datasets were analyzed with the GEArray Expression Analysis Suite software (SuperArray) and the TIGR\'s Multiexperiment Viewer. Data were submitted to the ArrayExpress database (MIAME Accession number E-MEXP-1289). For qRT-PCR studies, reverse transcription of RNA was performed with the MMLV-RT kit (Invitrogen), according to the manufacturer\'s protocol. The primers (Supplemental data, Table I) were designed using the primer3 tool (<http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi>). RT was omitted in negative controls. The fold change in target gene cDNA relative to the β-actin endogenous control was determined as follows: fold change = 2^−ΔΔCt^, where ΔΔCt = (Ct~Target~−Ct~Actin~)~test\ condition~−(Ct~Target~−Ct~Actin~)~reference\ condition~. Ct values were defined as the number of cycles for which the fluorescence signals were detected [@ppat.1000066-Schmittgen1].

Immunoassays {#s4h}
------------

Mo and MDM were incubated with heat-killed (100°C for 30 min) *C. burnetii* organisms (bacterium-to-cell ratio of 10∶1) for 24 h. Supernatants were stored at -80°C before immunoassays. IL-10, TGF-β1 and TNF assays were purchased from R&D Systems. IL-6 assay was purchased from Beckman Coulter. The intra- and interspecific coefficients of variation ranged from 5% to 10%.

Flow cytometry {#s4i}
--------------

Mo and MDM (5×10^5^ cells per well) were incubated with AL and NL for 2 h, washed and then stimulated with *C. burnetii* (bacterium to cell ratio of 10∶1) for 24 h. After washing, Mo and MDM were scrapped and washed once with ice-cold PBS. Mo and MDM were then incubated with 10 µl of CD14-PE (Beckman Coulter) and MR-FITC (BioLegend, San Diego, California, USA) Abs for 30 min at 4°C. Cells were washed three times in ice-cold PBS and resuspended in PBS containing 10% FCS and 1% sodium azide (Sigma-Aldrich). Cells were then stored at 4°C in the dark and analyzed by flow cytometry (EPICS XL, Beckman Coulter). Ten thousand events were acquired for each sample. The percentage of positive cells was determined using the Expo32 ADC and the WinMDI 2.8 software.

Statistical analysis {#s4j}
--------------------

Results are expressed as medians or means±SEM and compared with the non-parametric Mann-Whitney *U* test. Differences were considered significant when p\<0.05.
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Sequences of primers used in qPCR experiments
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###### 

Click here for additional data file.

###### 

Induction of lymphocyte apoptosis and necrosis. A and B, Lymphocytes were incubated with different concentrations of dexamethasone for 24 h, labelled with annexin V-FITC and PI (A) or poly-caspases-FITC (B) and analysed by flow cytometry. C, Lymphocytes were heated at 56°C or 95°C for 15 min, labelled with annexin V-FITC and PI and analysed by flow cytometry. The results represent the mean±SEM of 5 independent experiments.

(3.09 MB TIF)

###### 

Click here for additional data file.

###### 

Effect of IFN-gamma on the replication of *C. burnetii* induced by AL uptake. Mo and AL-Mo (A) and MDM and AL-MDM (B) were infected with *C. burnetii* for 4 h and then cultured for 9 days in the presence of IFN-gamma. *C. burnetii* replication was determined by immunofluorescence. The results represent the mean±SEM of 3 independent experiments. \* p\<0.05

(1.44 MB TIF)

###### 

Click here for additional data file.

###### 

Effect of AL opsonization on *C. burnetii* replication. AL were opsonized with mouse polyclonal Abs for 30 min before incubation with Mo (A) and MDM (B) for 2 h. Cells were then washed and infected with *C. burnetii* for 4 h. Mo and MDM were cultured for 9 days. Every 3 days, cells were lysed, and bacterial infection was determined by qPCR. The results represent the mean±SEM of 3 independent experiments. \* p\<0.05 and \*\* p\<0.01.

(2.42 MB TIF)
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Click here for additional data file.

###### 

Mouse polyclonal Abs against human AL
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###### 

Click here for additional data file.
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